Aim To identify polymorphisms and haplotypes in candidate genes that predispose to myocardial infarction (MI) using a multilocus approach. Methods and results 1052 subjects, comprising 547 acute MI cases and 505 controls were studied. The association between MI and 58 SNPs in 35 candidate genes (generating 61 016 individual genotypes), and between MI and estimated haplotypes at 14 loci encompassing 16 genes was investigated. Two individual gene variants and haplotypes at two loci showed statistical association with MI. The a-adducin 460trp variant (OR 0.73, 95% CI 0.59-0.91, P ¼ 0:006) and the cholesteryl ester transfer protein -629A variant (OR 0.82, 95% CI 0.68-0.97, P ¼ 0:025) were both associated with a significant protective effect on MI, as was the paraoxonase 1/paraoxonase 2 haplotype comprising met55 and gln192 in paraoxonase 1 and cys311 in paraoxonase 2 (OR 0.52, 95% CI 0.39-0.77, P ¼ 0:001). The apolipoprotein C III haplotypes CCTTCG and ATCCCG at positions -641*-482*-455*1100*3175*3206 were associated with an increased risk of MI, odds ratios 1.41 (95% CI 1.06-1.76, P ¼ 0:023) and 1.71 (95% CI 1.28-2.14, P ¼ 0:038), respectively. Conclusions We report associations of two polymorphisms and haplotypes at two loci with risk of MI that warrants testing in future studies. Furthermore, we demonstrate the application of a multilocus assay in the setting of a large association study and the additional benefit gained from the study of haplotypes to identify variants influencing risk of coronary heart disease.
Introduction
Myocardial infarction is a complex disorder resulting from the combined effects of multiple environmental and genetic factors. 1 Given that myocardial infarction is a leading cause of death in the Western world, its prevention is a public health priority. One approach to preventing myocardial infarction is to use observational genetic studies to identify disease-susceptibility genes that will further our understanding of the etiological pathways and thus indicate new potential targets for intervention. Genetic linkage and association studies have already identified several candidate genes that may predispose to coronary artery narrowing, such as cholesteryl ester transfer protein (CETP), 2 and myocardial infarction, such as SERPINE1 (PAI 1), connexin 37, and stromelysin-1. 3 However, the inability to replicate many of these findings has cast doubt on the implications of many of these studies. The power of most genetic association studies has been low, and few studies have been published with more than 500 cases and 500 controls. 3;4 Haplotype-based analysis could prove a more powerful approach to dissect the genetic architecture of complex diseases. 5 The human genome is comprised of haplotype blocks, which are chromosomal segments that are preserved intact over many generations, interspersed by recombination hotspots. 6 Alleles within such ancestrally preserved haplotype blocks tend to be in strong linkage disequilibrium with one another, i.e., alleles at different sites within the haplotype block are strongly associated with one another at the level of the population. It is becoming clear that over small regions relatively few haplotypes may account for the vast majority of diversity 7 and variations in haplotypes may be powerful predictors of disease.
Recently developed assays capable of simultaneously genotyping multiple loci allow the efficient investigation of the role of many genetic polymorphisms within a single study. Furthermore, the development of methods to estimate haplotype frequencies from unrelated cases and controls now allows the study of the combined effects of a number of polymorphisms that are in linkage disequilibrium with one another. [8] [9] [10] [11] [12] Our aim was to identify individual polymorphisms and haplotypes that predispose to myocardial infarction using a multilocus approach 13 to interrogate 63 single nucleotide polymorphisms (SNPs) in 35 candidate genes.
Methods
We carried out a case-control association study in two UK centres. The methods have been described previously.
14 Briefly, we recruited 549 consecutive Caucasian cases <75 years who had survived admission to the coronary care units in Leicester and Sheffield. All cases satisfied the World Health Organisation criteria for myocardial infarction. 15 The 505 Caucasian controls, recruited contemporaneously, were healthy adult visitors to patients with noncardiovascular illnesses at the two hospitals. This provided an epidemiologically robust control population derived from the same geographic area as the cases. Control subjects with a history of MI or angina were excluded. The study had been designed to have 90% power to detect a 1.5-fold increase in the risk of myocardial infarction associated with the angiotensin converting enzyme DD genotype. 16 Subjects completed a standard questionnaire about their personal history, which included data on age, sex, smoking status, history of hypertension and history of diabetes. We measured height and weight to calculate body mass index (BMI), and collected blood samples for the measurement of serum total cholesterol and DNA analysis. The study was approved by local research ethics committees and informed consent was obtained from participants.
DNA was extracted from whole blood. 14 A multilocus assay was used to genotype 63 polymorphisms within 35 candidate genes previously implicated in cardiovascular disease. 13;17 The extracted genomic DNA was amplified by two separate multiplex PCRs with biotinylated primers. The amplified PCR products were detected colorimetrically with immobilised sequencespecific oligonucleotide probes arrayed in a line array on nylon membrane strips. Correct allele identification was confirmed by direct sequencing or RFLP analysis of genomic DNA samples carrying the different genotypes for each polymorphism. We excluded data on five SNPs (apolipoprotein B (APOB) (arg3500gln), cholesteryl ester transfer protein [CETP] (asp442gly), CETP intron 14 G(+1)-to-A (Int14A), CETP intron 14 (+3)T ins (Int14T) and tumor necrosis factor (TNF superfamily, member 2) [TNF] (G(-244)A)) from our analysis, as fewer than five individuals possessed the variant allele. To check for possible laboratory errors and possible relatedness of cases and controls, we plotted the mean allele sharing identical by state across all polymorphisms and its standard deviation for all possible pairs of individuals in the study. This procedure, implemented using the GRR package (Graphical Relationship Representation), 18 demonstrated identical genotypes across all 58 polymorphisms from two supposedly unrelated cases, which were therefore excluded from the study. No other outliers indicating errors were identified.
Statistical analysis was carried out using STATA 7.0. In the first stage, the association between each of the 58 polymorphisms with adequate information and myocardial infarction was assessed using logistic regression to adjust for the effects of age and sex, under an additive genetic model (genetic models are explained in Table 3 ). Other covariates were not adjusted for at this stage so that we could assess their possible involvement in the causal pathway. Furthermore, because genotype is effectively randomly allocated at birth (a process termed 'Mendelian randomisation') the effects of genetic variants are unlikely to be confounded by lifestyle risk factors. 19 Maximum likelihood estimates of odds ratios and their 95% confidence intervals were obtained and the significance of each polymorphism was assessed using a likelihood ratio test. In the second stage, polymorphisms that showed significant association with myocardial infarction (P < 0:05) under an additive model were also assessed under dominant and recessive models, and the influence of other covariates was assessed. A significance level of P < 0:05 was adopted for this exploratory study.
A number of software programs have now been developed for estimating haplotype frequencies from genotype data on unrelated cases and controls. [8] [9] [10] [11] [12] We estimated haplotype frequencies using software implemented in STATA 7.0, 8;20 that uses a log-linear model embedded within an Expectation-MaximizaMaximization (EM) algorithm. 21;22 To describe the relationship between haplotypes and disease status, we performed maximum likelihood estimation of the log-linear model using the iterative proportional fitting algorithm 23 and obtained profile likelihood estimates of the confidence intervals of haplotype odds ratios. 8;20;24 To compare the consistency of our findings, we also estimated haplotype frequencies using Arlequin, a software commonly employed for this purpose that is also based on an EM algorithm. 9 We tested for evidence of hidden population admixture or stratification using the methods described by Pritchard and Rosenberg 25 , utilising data from unlinked markers.
Results
Characteristics of the 1052 participants included in the study are shown in Table 1 . Myocardial infarction cases were more likely to be male, older, hypertensive, diabetic, and smokers. Genotype frequencies in cases and controls are shown in Table 2 . No evidence for population stratification was found for any of the polymorphisms tested. Under an additive genetic model, two polymorphisms showed statistically significant evidence of association with myocardial infarction: a-adducin [ADD1] (gly460trp) and cholesteryl ester transfer protein [CETP] (C-629A). These polymorphisms were also assessed under dominant and recessive models ( Table 3 ). The ADD1 460trp variant was associated with a significant protective effect on myocardial infarction under a dominant, recessive or additive model (Table 3) , which remained significant under each model after adjusting for smoking, history of hypertension or history of diabetes (in addition to age and sex). The CETP -629A variant was associated with a significant protective effect under a recessive or additive model (Table 3) , which remained significant after adjustment for other risk factors.
Haplotypes at two loci showed statistically significant evidence of association with myocardial infarction (Table 4). The apolipoprotein C III (APOC3) haplotypes CCTTCG and ATCCCG at positions -641*-482*-455*-1100*3175* 3206 were associated with an increased risk of myocardial infarction: CCTTCG (OR 1.41 (95% CI 1.06-1.76), P ¼ 0:023) and ATCCCG (OR 1.71 (95% CI 1.28-2.14), P ¼ 0:038). The paraoxonase 1 (PON1)/ paraoxonase 2 (PON2) haplotype comprising met55 and gln192 in PON1 and cys311 in PON2 was associated with a significant protective effect on myocardial infarction risk (OR 0.52 (95% CI 0.39-0.77), P ¼ 0:001). Haplotype frequencies estimated using Arlequin 9 were consistent with the frequencies we obtained and presented in Table 4 .
Discussion
We examined the relationship between 58 polymorphisms in 35 candidate genes and myocardial infarction in 1052 subjects (generating 61 016 individual genotypes). Our study, which is one of the largest such multilocus genetic association studies of myocardial infarction involving healthy controls published to date, revealed two polymorphisms and haplotypes at two loci significantly associated with myocardial infarction risk. To our knowledge, only two other studies have examined simultaneously the association of multiple candidate gene polymorphisms with risk of coronary heart disease. Topol et al. 26 reported associations between three thrombospondin gene family variants and myocardial infarction in their study of 72 individual SNPs in 352 premature coronary artery disease cases and 418 controls recruited from a population of white Americans. Yamada et al. 3 reported associations between the C1019T polymorphism in the connexin 37 gene and the 4G-668/5G polymorphism in the plasminogen-activator inhibitor type 1 gene in their study of 112 polymorphisms in 2819 Japanese myocardial infarction cases and 2242 controls. Although large, the power of Yamada's study was modest, due to the similarity of cases and controls (controls were selected who had at least one 'risk factor', such as diabetes or hypertension), and by their adjustment for many potential intermediates on the causal pathway in all of their analyses. Notably, haplotype analysis was not undertaken in either study. 3;26 In our study, the ADD1 460 trp allele was found to be protective against myocardial infarction. a-Adducin is a ubiquitously expressed cytoskeleton protein involved in the formation of actin-spectrin lattice, actin polymerisation and cell signal transduction, [27] [28] including an effect on Na-KATPase. There is considerable experimental and clinical evidence that the ADD1 (gly460trp) polymorphism is associated with functional effects related to sodium and water homeostasis. Paradoxically, it is also the 460trp allele that is associated with salt retention and tendency to hypertension, 29 effects that one might expect to increase the risk of myocardial infarction. Consistent with this, Psaty et al. 30 have reported a protective effect of the 460Trp allele against myocardial infarction and stroke in hypertensive patients taking diuretics. If further studies confirm that the 460Trp allele is also primarily protective against myocardial infarction, then this is likely to be through a cellular mechanism different from its effect leading to hypertension; alternatively, the observed association may be indicative of linkage disequilibrium to a protective gene variant.
We found that the CETP -629 A allele was protective against myocardial infarction. The corresponding haplotype analysis was also consistent with this finding, with a trend towards a protective effect of haplotypes containing the CETP -629 A allele (Table 4) . CETP is a hydrophobic glycoprotein and has a key role in the metabolism of high density lipoproteins (HDL). CETP mediates the transfer of cholesterol esters from HDL to other lipoproteins and uptake of cholesterol by the liver. High plasma CETP is associated with reduced HDL, which is a strong risk factor for atherosclerosis. 31 Recent data strongly suggest that the C-629A polymorphism is functional, with the -629A allele associated with reduced promoter activity, decreased CETP mass and increased HDL levels. 32;33 Therefore, the finding of a protective effect of the -629A allele against the risk of myocardial infarction is consistent with its postulated functional effect. However, it should be noted that although the CETP locus has consistently been shown to be associated with reduced risk of myocardial infarction, there are discrepant findings as to which of the polymorphisms is associated or responsible for the effect [33] [34] [35] [36] and it is possible that -629A allele is a marker for some other variant at the locus.
We also found a significant protective effect on myocardial infarction risk of the PON1/PON2 haplotype comprising met55 and gln192 in PON1 and cys311 in PON2. The paraoxonases are glycoproteins located on the surface of HDL. They are believed to play a pivotal role in preventing low density lipoprotein (LDL) oxidation, 37 which may be one mechanism by which HDL is protective against atherosclerosis. The paraoxonase genes are located as a tightly linked multigene family (also comprising PON3) at 7q21-q22. 38 There is evidence that genetic variation in the paraoxonase genes influences paraoxonase activity. Thus, compared with the 192arg and the 55leu alleles, both the PON1 192gln and 55met alleles have been shown to be associated with higher paraoxonase activity and to be more efficient at inhibiting the oxidation of LDL. 39;40 Correspondingly, several studies have shown these alleles to be associated with decreased risk of coronary heart disease. 41;42 However, the findings have not always been consistent 43;44 and recent studies have sought to identify haplotypes that may be more predictive. 45 ;46 Sanghera et al. found a significant interaction between the PON1 gln192arg and the PON2 cys311ser polymorphisms in predicting risk of A refers to baseline allele (usually the commonest allele) and B to variant allele, AA refers to baseline homozygote, AB to heterozygote and BB to variant homozygote. * Statistically significant at P < 0:05. Table 3 Comparison of dominant, recessive and additive genetic models for polymorphisms associated with myocardial infarction in the screening analysis The dominant genetic model compares individuals with one or more polymorphic alleles (AB and BB genotypes combined in Table 2 ) with a baseline group with no polymorphic alleles (AA).
The additive genetic model assumes that there is a linear gradient in risk between the AA, AB and BB genotypes (BB genotype baseline). This is equivalent to a comparison of the B allele versus the A allele (baseline).
The recessive genetic model compares the BB genotype with the combined AB and AA genotypes (combined AA and AB genotypes form the baseline group). a CI denotes confidence interval. b Each model was adjusted for age and sex. coronary heart disease in Asian Indians. 41 Increased risk was restricted to carriers of both the PON1 arg and the PON2 ser alleles. Our findings are consistent with this and indicate that a haplotype that also includes the met55 allele provides the best discrimination in identifying risk associated with the PON locus.
Haplotype analysis for the polymorphisms at positions -641, -482, -455, 1100, 3175 (often referred to as the SstI S1/S2 site), and 3206 in the APOC3 gene identified two haplotypes associated with increased risk for myocardial infarction. APOC3 is a glycoprotein synthesised in the liver and intestine that is physically associated with very low density lipoprotein (VLDL), chylomicron remnants and high density lipoprotein (HDL). 47 Previous studies have associated single polymorphisms in APOC3 with risk of coronary heart disease 48 and altered plasma triglyceride levels. 49;50 Dammerman et al. 49 found a 3-fold increased risk of hypertriglyceridemia associated with a haplotype that included the -482T and SstI S2 variants, while Surguchov et al. 50 reported a 4-fold increased risk of hypertriglyceridemia associated with a haplotype that included -641A, -482T, -455C and SstI S2 variants. This latter haplotype shares the same variants at the first three positions as the ATCCCG haplotype that we found to be associated with myocardial infarction risk, but we did not observe association of the more common ATCTGG (i.e., also S2) haplotype with risk. Therefore, some APOC3 haplotypes may influence myocardial infarction risk via their effect on plasma triglyceride levels while other haplotypes may play a role via other mechanisms.
There are several notable polymorphisms, which have been associated with risk of myocardial infarction in other studies that did not show any association in our study. These include the Thr26Asn polymorphism in the lymhotoxin-a gene (LTA) 51 and the 5G/4G and 5A/6A polymorphisms in the plasminogen activator inhibitor type 1 and stromelysin 1 genes, respectively.
3 Some of the differences may relate to the nature of the population studied. Specifically, allele frequencies are known to vary significantly between Japanese 3;51 and Caucasian populations. Methods of recruitment also need to be considered. All our cases were recruited after admission into hospital. If a polymorphism has an effect, not only on risk of event but also on acute survival, then this could obscure any association. Finally, although our study was adequately powered to detect a moderate effect of a gene with a minor allele frequency similar to that of the angiotensin converting enzyme polymorphism, the power is reduced with lower allele frequencies. Thus, the lack of replication of associations between less common polymorphisms and myocardial infarction that have been reported in previous studies in our study alone would not rule out the possibility of such an association.
We adopted a range of methods to ensure that the study maintained high degree of scientific rigour, including detailed genotype and relationship error checking, testing for hidden population stratification and checking the consistency of haplotype frequency estimates. Furthermore, we minimised the number of hypotheses tested using an initial screen based on an additive genetic model. However, any genetic association study including such a large number of polymorphisms should be regarded as exploratory in character and our results must be interpreted accordingly. Hence, corrections for multiple testing, which are considered appropriate for hypothesis-testing studies, but overconservative for exploratory studies, were not applied. However, the issue of correction for multiple testing is becoming increasingly important as multilocus analyses become popular. This is illustrated by the fact that despite our study being one of the larger studies to date, if we had applied a Bonferroni correction, no individual polymorphisms would have reached statistical signifi- Haplotypes with frequencies of <2% not shown in table. * Significant at P < 0:05. cance (P < 0:001) and only one haplotype (paroxonase) would have reached borderline significance. Indeed, a study of over 5000 cases and 5000 controls would have been required to reach nominal significance (P < 0:05) after correction, to identify a polymorphism with a 50% allele frequency associated with an OR of 1.2, when 50 independent tests are being undertaken. The study sizes required increase dramatically for less common alleles. This highlights the fact that apart from much larger studies, efficient strategies for pooling of data from different studies will be required as we enter a new era of genetic association analyses for complex traits.
In conclusion, high-throughput genotyping assays will be in common use in association studies in the near future. We have shown here that such studies are feasible and can reveal genetic polymorphisms that warrant testing in further studies. Furthermore, we have demonstrated the feasibility and utility of using a number of polymorphisms in linkage disequilibrium to assess the association between specific haplotypes and myocardial infarction in a study of unrelated individuals. This may increase the power to identify disease-associated variants, a crucial step towards the eventual clinical application of new predictive markers.
